This report describes the results of an experimental study and computer simulation of the electromagnetic radiation generated by arcing in low density plasma. A large set of high quality data was obtained during the Solar Array Module Plasma Interaction Experiment (SAMPIE, flight STS-62) and ground test. These data include the amplitudes of current, pulse forms, duration of each arc, and spectra of plasma waves.
INTRODUCTION
Forty years experience of space exploration show that large spacecraft, such as Space Station Freedom, will be deployed in low Earth orbit to provide a basis for further achievements in space science and space technology. Obviously, large and complicated structures demand powerful energy sources to keep all systems in operating condition. We believe that high-voltage solar arrays will serve as the primary electrical energy sources for a long time in the future. However, previous experience has shown that electrical discharges occur on the surfaces of a highvoltage array [1-4] , and these discharges (arcs) are undesirable in many respects. One very important aspect is the generation of electromagnetic radiation (Em) by arcing [5] . To prevent the negative influence of electromagnetic noise on the operation of spacecraft systems, it seems necessary to determine the spectra and absolute levels of the radiation, and to determine limitations on the solar array bias voltage that depend on the parameters of LEO plasma and the technical requirements of the spacecraft equipment [ 6 ] . Moreover, any high voltage conductor will interact with the surrounding plasma, and that interaction may result in electrical discharges between the conductor and plasma (or between two conductors with Merent potentials, for example, during docking and extravehicular activity).
A number of experiments have been done during last decade to determine arcing rate and threshold, the magnitude and duration of current pulses, the dependence of arcing rate on bias voltage and plasma density, and the spectrum and intensity of generated electromagnetic radiation. An extensive review of space experiments is published in the paper by Hastings [7] , and new data obtained in the last two years may be found in papers by Hillard and Ferguson [8] and Kuninaka [9] . The advantage of space experiments is obvious: solar cells (or samples of solar cells) operate in the natural plasma environment during many days or even months, and both short time and long time processes caused by interaction with plasma can be analyzed . But there are always strong limitations on the volume and types of data that might be collected because of technical requirements for experimental devices employed on spacecraft. On the contrary, ground experiments have the advantage of a controlled environment and unlimited choice of measurements that may be done. In other words, these two kinds of experiments are complementary to each other, and we use the results of the SAMPIE [lo] and the Langmuir Probe Experiment (LPE) [ll] to create and verify a theoretical model that allows us to determine the parameters of the electromagnetic noise for different frequency ranges, distance from the arcing site, and distinct kinds of plasma waves.
BASIC EQUATIONS
The discharges that occur between negatively biased solar cells and the surrounding plasma can generate electromagnetic radiation with a broad spectrum and considerable amplitude. In order to obtain an appropriate expression connecting the discharge current characteristics with EMR spectra we start from Maxwell's equations. If we consider waves of length much shorter than the scale of the plasma density gradient, and if we disregard changes in the electron number density due to arcing, we can apply the Fourier transformation to the Maxwell's equation set. Finally, the master equation has the form [12- 
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The dispersion relations for electromagnetic waves are determined by zeros of the determinant of the tensor T i , and the electromagnetic field can be calculated by using the inverse Fourier transformation of the expression (2) . However, to perform these calculations much algebra must be done. It seems more reasonable to calculate the electromagnetic field by using the approximation of the dielectric tensor within different frequency ranges . But, before starting this procedure we derive the Fourier components of the arc current density.
ARC CURRENT
The determination of the right term in the Eq. (1) requires a physical model of the arc current. As it was observed in some experiments by measurement of W radiation from arcs [3] , the diameter of the discharge region is very small (400 pm), and this value is much less than any wavelength that we suggest to be considered (A210 cm). Therefore, the arc current can be written in the followin,g form: where 6(x) is the D i m delta function, and nz is the unit vector in the z-direction.
The temporal evolution of the arc current was studied in numerous experiments [3, 11, 15, 16] . Discharges on negatively biased solar cell samples were investigated during the space experiment SAMPIE [8, 10] . The results of the stati~~tical analysis and real curves I(t) will be shown below, but to an order of magnitude we know that the peak current is - (1-lO)A, and the pulse duration is -(1-20) One example of such measurements is demonstrated in Fig. 2 . It is seen that the rise time is approximately equal to 3 ps, and the pulse duration slightly exceeds 10 ps. These data can be explained by the special experimental setup when an additional capacitor was installed between the anodized aluminium plate and ground to simulate the capacitance of real large solar array. The Fourier spectrum of current pulse is demonstrated in the arc current, and it is important for further computations because the plasma frequency does not exceed 20 MHz for LEO conditions.
HIGH FREQUENCY TRANSVERSE WAVES
We now begin our analysis of the electromagnetic radiation generated by arcing in the form of high frequency transverse waves. For LEO plasma, this means waves with frequenciesf,>f,Ly20 MI% and wave length limited by the value cc 15m.
A=-
Because the length of an arc 300 f (MH4 is not more than 10 cm, the consideration below is valid within the frequency range 20<f<3000 MHz. It should be noted that the estimate for the arc channel length is based on the experimental data obtained by Leung [15] and our calculations. However, according to Ref. (6), the arc length might be about equal to the plasma sheath size-almost one meter if the bias voltage reaches several hundred volts. We do not have the final answer in this problem. The frequency spectrum of the electric field strength can be obtained from equation (2) after performing the inverse Fourier transformation. (Fig.4) . All of the oscillations that are seen in Fig. 4 were not measured in the mentioned experiments because the highest values of amplitudes from several measurements for each frequency range were reported. The level of the electromagnetic noise decreases by 20 dB for each decade of distance; thus, that level is less than the upper limit determined by technical requirements [6] when distances are greater than 100 m . Thus, the calculations show that the field strength depends on arc peak current, the current pulse form, and the distance from a discharge site. Because the arcing rate depends strongly on both bias voltage and plasma density [2] , an increase in operating voltage for solar cells will inevitably generate more intense electromagnetic noise around the spacecra, particularly in LEO conditions.
5.HIGH FREQUENCY LONGITUDINAL WAVES
In order to obtain more details regarding the arcing process and plasma wave characteristics ground experiments were carried out. A plate of anodized aluminum (18x18 cm) was biased at -275 V and mounted inside a vacuum tank with neutral gas pressure p~2 0 pTorr and electron number density n,-l06 ~m -~. The electron temperature was approximately equal to 1 eV, and the ion temperature could be estimated as 300 K. Three
Langmuir probes (A, B, and C) were placed in this tank at distances 55, 75, and 100 cm from the plate respectively. Arc current and the potential of one of the Langmuir probes were measured simultaneously. Experimental data were represented in a digital form with a sampling interval of 5 ns that allowed us to analyze fluctuations with frequencies up to 100 MHz. The Eq.(2) allows us to compute the electrical field spectrum for Werent wave numbers k and angles between the magnetic field and arc current density 9 (Fig. 5) . We may conclude that there is a quite good agreement between theoretical calculations (Fig. 5 ) and experimental results (Fig. 6 ) concerning the spectrum of plasma waves. We believe that the difference in the form of the spectra is caused by nonlinear processes developed in the plasma with high level of fluctuations. Two examples are shown in Figs. 7 and 8. Undoubtedly, this problem needs a more profound analysis n* r,
6.CONCLUSIONS
One of the most important problems facing large spacecraft with powerful high voltage isolar arrays is the generation of electromagnetic radiation by arcing on its surfaces. As it follows from our calculations and available experimental data, broadband electromagnetic noise with electric field amplitudes as high as a few volts per meter can be generated by arcing. To prevent a negative influence of this radiation on spacecraft operation additional work should be done: i)to establish technical requirements on equipment and devices that could be influenced; ii)to determine the spectrum and level of radiation that could be expected in the vicinity of the equipment; iii)to elaborate methods for mitigating adverse consequences and spectrum demonstrates a narrow resonance at the plasma frequency.
